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THIRD WORKSHOP ON LASER RANGING
INSTRUMENTATION

M. R. Pearlman
Smithsonian Astrophysical Observatory
Cambridge, MA

INTROBUCTORY REMARKS

During the decade of the 1970s, we have witnessed the transition of sat-
ellite geodesy into geophysics. Where once we were trying to measure "fixed"
quantities, now we are trying to measure how quantities change. Workers in
the field of geodesy embraced opticai-tracking techniques as a means of con-
naeting points over large distances. Now, we are dealing with a new community
with far more stringent reguirements, but more exciting science. In earth
dynamics, geophysicists are trying to medsure a number of things: gravity field,
plate motion, fault motion, uplift, subsidence, earth tides, polar motion,
earth rotation, and other crustail and solid-earth motions. In oceanography,
workers are studying ocean dynamics, ocean-surface topography, tides, currents
and general circulation. Each of these studies uses satellite dvramics and
position either as the fundamental measured quantity nr as a means to unravel
data from specialized sensors. Laser ranging to satellites and to the moon
is one of the fundamental tools for these pursuits.

As we have seen during the last two Morkshops the develonment of Easer
ranging systems has been very rapid in resnonse to the needs of the qeo—
physical community. Workers are taking advantage of the newer laser techniques
and fast electronics to improve system performance. Short-nulse lasers, pulse
processors, minicomputers, and sophisticated optical hardware are being de-
veloped and applied to these programs. Lasers now in oneration are alreadv

Qasuring base1ines and earth rotaticn to decémeter accaracies Tndeed, e




In addition to the dramatic improvement in ranging accuracy during the

current decades there has also been an increase in participation in routine
laser ranging activities. Not only have new groups joined the laser ranging
~community, but most have brought new concepts and improved hardware to bear

in this field. A list of stations is shown in Tables 1 and 2. Although

these stations have been built and are being operated by many different grouos,
all recognize the need for improved range accuracv and performance to meet
on-going and projected program needs.

Laser ranging activities have received great impetus from five new
retroreflector-equipped satellites that have been placed in orbit during the
past three years. The Starlette satellite, launched by the Centre Mational

‘d'Etudes Spatiales in February 1975, is now a major elerent in the develop-

ment of refined geodetic models. The National Aeronautics and Spnace Administra-
tion's (NASA) Geos 3 satellite, in orbit since April 1975, is the first global
test of a radar altimeter, while NASA's Lageos satellite, launched in May 1276,
is already being used to measure interstation baselines and polar motion. The
Navigation Technology Satellite (NTS-2). placed in orbit last June by the
U.S. Navy, has applications similar to Lageos. In addition, the Interkosmos

17 satellite, launched by the USSR in September 1877, is plaving an important
role in the Interkosmos -geodatic and geophysics progran.

In June of this year, NASA's Seasat satellite will be launched to sup-
port investigations in ocean dynamics. This spacecraft is eaquipped with an
improved radar altimeter for ocean-surface topographv measurements and a
retroreflector array for precision orbit determination.

The total complex of retroreflectors on satellites in orbit and on the
moon {see Table 3) represents a wide distribution in orbital parameters and
geomairies. As such, they give investigators a broad set of conditions on
which to base their research and to design their measurements (see Table 4).
For instance, the lower orbiting satellites at many different orbital inclina-
tions are the basis of gravity-field development, tidal studies, and shori-

term, PGS]t}Qna] geodﬁsy Tha hzgher sate]]%tes and: the moon are: fundamenta?

to prec1s1on 1ong~baseT1ne measurements and crusta1— aﬂd po?ar rotzon studwes




Because of the new capabilities and opportunities that have been avail-

able in this decade, plus the growth of programs to study geophysics through
Taser ranging, the Workshop on Laser Ranging Instrumentation has been a
prominent activity of both the GNSPAR Panel 1A and the IAR Special Study fAroup
2.33.

Once again, the Third Laser Workshop will provide a critical review of
laser ranging systems based on the accumulated exporiences of workers in the
field. The meeting will provide a forum to discuss problems encountered in
setting up, operating, and upgrading ranging systems. To encourage free and
open discussions, the Workshop will be conducted on an informal basis. There
will, however, be prepared presentations on system descriptions and other
specific areas during the sessions (see Figure 1). W%hile the specific format
of each session will be arranged by its chairman, the success of the Horkshop,
as in the past, depends on active participation by all who are present.

In recognition of the evolving needs of laser ranging groups, sessions
~concentrating on several new areas are being introduced at this Morkshop. In
Session 1, the meeting will be addressed bv several members of the geophvsical !
community who will review work now in progress, together with current data- @
acquisition requirements and projections of future needs. This overview s
intended to give us a better feeling for the scientific motivations for our
laser ranging efforts and also to let us understand what is expected of these
new measurements. Once again, we must stress the fact that our obiective is
not merely to develop sophisticated equipment but rather to provide the geo-
physical community with a data~acquisition tool that can be used on a routine
basis,

A session on software and data processing has been included in the Work-
shop with the recognition that this area is as fundamental to the laser systems

as any piece of hardware. We have also included a session on station timing.
As in the past, significant attention will also be devoted to new concepts
and system ideas. -




Table 1. Satellite laser ranging stations.

LASER RANGING STATIONS
SATELLITES
(AS OF T JULY 1978}

STATION

AREQUIPA, PERU

BERMUDA

BOROWIEC, POLAND

CAPE CANAVERAL, FLORIDA
 CRIMEA, USSR

DIONYSOS, GREECE

DODAIRA, JAPAN

GRAND TURK ISLAND

GRASSE, FRANGE

GREENBELT, MARYLAND

HELWAN, EGYPT

HRADEC KRALOVE, CZECHOSLOVAKIA .

KAVALUR, INDIA

KOOTWIJK, NETHERLANDS

METSAHOVI, FINLAND

MT. HOPKINS, ARIZONA

NATAL, BRAZIL

ONDREJOV, CZECHOSLOVAKIA

ORRORAL VALLEY, AUSTRALIA

PATACOMAYA, BOLIVIA

PENC, HUNGARY

POTSDAM, GDR |

SAN DIEGO, CALIFORNIA

SAN FERNANDO, SPAIN

SANTIAGO DE CUBA, CUBA

WETTZELL, FRG
ZVENIGOROD, USSR

AFFILTATION

SAQ/USA
NASA/USA
INTERKOSHOS
NASA/USA
INTERKOSMOS
NTU/GREECE

“TAQ/JAPAN

NASA/USA
GRGS
NASA/USA
INTERKOSMOS
INTERKOSMOS
INTERKOSMOS

THD/HETHERLANDS

HUT/F THLAND
SEO/USA
SAD/USA
INTERKOSMOS
SAO/USA
INTERKOSMOS
INTERKOSMOS
INTERKOSMOS
NASA/USA
GRGS
INTERKOSMOS
INTERKOSMOS
IFAG/FRG
INTERKOSHMOS




Table 2. Lunar laser ranging stations.

LASER RANGING STATIONS

LUNAR

(AS OF 1 JuLY 1978)

STATION

CRIMEAN OBSERVATORY
GRASSE, FRANCE

MCDOMALD OBSERVATORY

MT. HALEAKALA, HAWAII
ORRORAL VALLEY, AUSTRALIA
TOKYO, JAPAN

AFFILIATION

CRIMEAN OBS/USSR
CERGA/FRANCE

U. OF TEX/USA

U. OF HAWAII/USA
NATMAP/AUSTRALIA
TAO/JAPAN
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Table 4. Applications.

SATELLITE COSPAR "NO. APPLICATION

BE-B 6406407

BE-C 6503201

GEOS-1 6508901 Gravity Field, Tides, Positional

DIC 6701101 Geodesy

D1D 6701401

PEOLE 7010901 Gravity Field

D58

STARLETTE 7501001 Gravity Field, Tides, Positional
Geodesy

GEOS-3 o 7802700 Ocean Surface Topography, Gravity

S ' : Field, Tides, Positional Geodesy

LAGEOS 7603901 Earth Dynamics, Polar Motion, Farth

NTS-11 7705301 Rotation, Positional Geodesy

INTERCOSMOS

17 . 7709601 Gravity Field, Tides

LUNAR ARRAY

A1l
Al4
AlS Earth Dynamics, Polar Motion, Earth
L] Rotation, Positional Geodesy, Lunar

Science
L2 '
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The Use of Interkosmos Laser Network for

Satellite Geodesy

S. K. Tatevian
The Astronomical Council of the USSR Academy of Sciences

Abstract

Satellite geodesy has two tasks: a geometrically defined one and a
physical one. The first is the determination of the geometric shape of the
earth and its description through coordinates of terrestrial points; and the
second is the determination of the main parameters of the gravity field on
the earth's surface and in space. These tasks are the basis of activities
being carried out by many scientific argan1zat1ons Gbservatxona] equipment,
used for these investigations, includes cameras, wh1ch make observatTOns re-
iative to star positions, and laser or radio range equipment, which has
geocentric reference. From camera observations, a direction from a terrestrial
point to a satellite point can be measured with an accuracy of 2~4 arcsec
(1 sec under some conditions). At the present time, l-m range accuracies can
be obtained with first-generation laser systems and decimeter accuracies with
second-generation lasers.

Of great significance is the question regarding the contribution to the
streﬂgth of a geodet1c solution given by directions and distances. . The mode]
calcuTat1ons show that if photographic and laser range data are utilized
together for a determination of the terrestrial vector between two stations,

& range accuracy of 1 m is sufficient for our needs. In 1970 the Astronemical
Council of the USSR Academy of Sciences proposed to the scientific comnunity

"The Large Arc Arctic-Antarctic Project“ The objective of this ﬁrogect Was

meridian of the earth u31ng Cameras and }asers The ArCtICmAntaPCt?C-DTOJECt




was adapted by COSPAR in 1971 and many other countries have joined in the
project. Simultaneously, preliminary work on the "East-West" traverse has
also been undertaken.

In general the Observation Program has been carried out step by step,
and consists of series of campaigns, one or two each year, with the participa-
tion of different sites. There are many applications for the obtained data
in tying local geodetic surveys to global reference systems.

For distance determination required for this Program, the construction
of laser range equipment was initiated by the Interkosmos participants in
197G6. In 1972 the first stationary version of the Interkosmos laser was put
into operation in Czechoslovakia. Now there are 8 Interkosmos lasers:
Zvenigarod and Simeiz, (USSR}, Borowiec (Poland), Santiago (Cuba), Helwan
(Egypt), Ondrejov (CSSR), Kavalur (India) and Patakamaja {Bolivia). In
Potsdam (DDR}, Penc (Hungary}, Gradec Kralove (CSSR) and Simeiz (USSR) improved
laser ‘systems are also being nade operational. =~~~ S

Laser Observations Obtained by the Interkosmos Network
from July 1977 through December 1977

Simeiz Helwan Borowiec Potsdam

Geos 1 1942 1723 34 259
Geos 2 3912 1773 345 270
BEB 3 102
BEC - 413 899

Starlette . o , 21




The Scientific Objectives of the
Interkosmos Satellite Geodesy Program

Stations positioning ("Large Arc"). Geometric and short arcs methods.
Cameras and Tasers of the first generation

Precise orbital computations, orbital methods of satellite geodesy.
Cameras and lasers of the first generation.

Polar motion studies. Astronomical and satellite methods,
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PROSPECTS FOR EUROPEAN PROGRAMS TN SPACE
GEODYNAMICS AND QCEANOGRAPHY

J. Kovalevsky

G.R.G.5./C.E.R.G.A.
Grasse, France

HISTORICAL INTRODUCTION

The first european satellite laser was constructed in France in 1964 by
the "Service d'Aéronomie”. The first returns were obtained in january 1965
on the Beacon B satellite, only a month after the first return obtained in
Goddard Space Flight center.

This was the Startkof a ibﬁg period of european involvment in building
satellite, and lunar laser ranging systems,

During the last ten years, guropean systems participated to a number of
local or world-wide observing campaigns that led to collect a number of
good data that was used in most of the successive Earth models (Standard
Earth, GEM, GRIM) and in many others studies (European local laser networks,

determination of tidal parameters, search for specifiec resonance, terms in

the Farth gravitational field, determination of zonal harmonics, ete...)

It is also to be mentioned another fundamental european, actually
french, contribution to laser ranging : the launch of several satellites

with, on board, laser retroreflectors. These were

DI1C and DID, in 1967
PEOLE, in 1970
D5B and STARLEYTE, in 1975.




However, although european statiomsspecifically participated to mauny

international campaigns, like ISAGEX and "Eurafrique”, or to campaigns
organized by the Smithonian Astrophysical Observatory, it was always via

a direct involvment of various countries in the programs and not as a
coordinated european effort. There were many bilateral agreements with the
United States, and also with other countries, there were also the agree-
ment given by individual european countries to participate to campaigns
generally sponsored by COSPAR, but, till 1977, there were no specific
coordinated european effort in the domain of the application of laser

ranging to satellites.

This situation had several historical and conjonctural reasons that it
is not necessary to discuss here. A major fact, however, was that ESRO
(European Space Research Organization) never showed any interest to geo-
desy, geodynamics, ocean and solid earth physics and related sciences. It
is only recently, that its successor, ESA (European Space Agency) started
to commit itself in this direction showing its new intevest by recently

convening, in Schloss Elmau {(Germany), a european workshop on Space Ocea-

nography, navigation and Ceodynamics (SONG 78 workshop 16-21 January 1978).

' The first, and quite successful, attempt to start a european cooperationm -

in Earth Physics was initiated by the Council of Furope in 1871 : a Working
Group on Geodynamics was created and played an important role in gathering
scientists of various fields of astronomy, satellite geodesy, geophysics
and oceanography at the cccasion of the now well known "Journées Luxembour=—
geoises de Géodynamique'. No doubt that this group has stirred up european
cooperation, in particular in space geodesy. In 1975, a first Euro?ean
Doppler observation campaign (EDOC~-1) was organized, followed in 1977 by
EDOC 2. In 1977 also, a first European laser campaign (EROS= European
Range Observation to satellites) was crganlzed and ran successfully four
months with essent*aliy.three lasar stations in Dlonysos, Kootwijk and

San Fernando. The satellites that were observed are GEOS 3 and STARLETTE.
Finally, at the end of 1976, a group of eurcopean scientists made a joint

proposal for the eurcpean participation to the SEASAT program (SURGE=SEASAT

user Research Group for Europe)

NN Ty R S T T




}. Programs coordinated by the COSPAR Ad-Hoc Commitee,

In 1976, COSPAR working group | has created an ad-hoc committee under
the chairmanship of I I Mueller in order to establish a coordination of
the priorities in the observation of satellites. Although there had been
difficulties in getting some agencies responsible for the operation of
laser stations to apply these recommendations, the three active european
stations were following them, to the best of their possibilities (for exam-
ple, the San Fernando station has not the capabilities to range at LAGEQS}).
In any case, all the data that has been collected is available for the
general use in the scientific community.In Europe, several groups are or

have been using these data for the improvment of Earth potential models

(GRIM 2) ,the study of the tidal effects on the Earth, various studies on

short arc relative pesitioning using laser data, the computation of geode-

tic links between stations, etc...
2, EROS group.

The european cooperation in satellite laser ranging was initiated at a

meeting held in Kootwijk in January 1977. Representatives of all west

european groups building or already running a satellite laser tracking

station were present and agreed to start a long range cooperation between
existing and projected european-satellite laser ranging stations. They also
expressed "their strong interest in a group representation in the interna-
tional field". As a start, the EROS preliminary campaign was organized,
with a distant goal that all european station could be sufficiently well

geodetically linked, so that they may be considered as a unique system of

stations. It is expected that this group would continue its cooperative
work and coordinate the future european participation to programs invel-
ving satellite laser ranging. In particular, this group would coordinate
at the european level the participation to the campaigns recommended by the

COSPAR ad-hoc committee.

3. SURGE programn.

The european p&rt1c1pat10n to SBASAT progett is now wclI defined, During




part of the program, an intensive 6 months tracking campaign will coincide

with the calibration period, in order to obtain the best pessible trajec-
tories of the satellite to permit the calibration of the altimeter. All
european satellite laser stations are to participate to this campaign, to-
gether with several Doppler stations. After the calibration period, the
laser stations will continue their tracking as a european contribution to
the whole project that will permit to many european scientists to obtain

and exploit the data acquired by the satellite during its mission.

More generally, it is important to mote that in many cases, the ran-
ging data obtained by european stations are not sufficient for independent
investigations. They will serve as an exchange for data obtained by non-
european countries. It is evident that the more data are collected and the
more precise it is, the more it will be valuable for other countries out of
Europe, and the more data european scientists will obtain. This is why,
european satellite ranging stations play an extremely important role for
the european scientific community. The future scientific achievements in
space geodesy, geodynamics, oceanocgraphy and related fields are dependent
on the activity of these stations.

4. Lunar laser ranging

No west-european station is yet engaged in this activity, though some
returns have been obtained between 1971 and 1974 from the prototype station
in Pic du Midi. Until future stations in Grasse and Wetzell will be ready,
the general management of EROLD campaign (Farth Rotation by Lunar Distances)
is done by the Bureau International de 1'Heure with the cooperation of
CERGA in Franmce, This campaign is still pending since still only one lunar
laser is operationmal in the world. So Europe can still expect to play an
important role in the world wide network of lunar laser stations which have
applications to dynamics of the Moon and of the Earth-Moon system as well

as to the study of the rotation of the Earth and the motion of its poles.

PROSPECTS FOR THE FUTURE




The task of the SONG 78 workshop in Schloss Blmau was indecd to propose

a comprehensive space~oriented program for a european solid Earth physics,
oceanography, navigaticn and geodesy and to identify detailed objectives for
this program. As an outcome of this meeting, such a proposal was formulated
and although it has not been approuved, several actions may soon be taken
by ESA along its lines. This is why I wish to report on this propesal which
indicates what might be the divection of the european efforts in space geo-
dynamics and cceanography during the future 10-15 years. As voeu will see,
many space techniques will be involvad among which laser ranging plays a

major role.

.One of the specific features of this proposal is that Europe has a
dense coverage by geodetic and geophysical ground metworks, so that it
should be used as a test area of an exceptional quality. This fact also
implies that Europe should have a dense and very accurate tracking support.
The proposal splits into two main programs : a solid Earth program and a

surface studies program.

1. Solid Earth program (tectonics, positioning system)

The ulitimate goal of this program is to have a satellite that can
monitor local, regional and - possibly ~ global relative motions of passi-
ve markers installed on ground, ice, etc... Among the scientific objectives
of this satellite, there are detailed studies of crustal motions, creep,
crustal loading effects, Earth tides, etc... Together with an important
network of ground based automatic geophysical stations supplemented by a
relay satellite system with sufficient data collection capacity, it is
expected to contribute to a recognition of possible corrclations of such
movements with the occurence of earthquakes. The satellite will also meg-
sure vertical and horizontal motiong of large glaciers and ice sheets in

order to study ice dynamics, ice mass balance, ete...

The preparation of such a precise position determination system is a

long term project, estimated to be operational around 1990. It involves

three actions that should be conducted in paraillel (see fig.l).




- A Doppler system, extension of the present MEDOC system, later to be

improved for accuracy.

~ A laser tracking system including LAGEOS tracking for short period

precision and lunar ranging for long term consistency of the measurements.

- A european VLBl system that is already studied by ESA for astronomi-

cal and geodynamical applicatiens.

This action is of the world wide importance and it is hoped that euro-
pean actions will be coordinated with similar programs in other countries,

especially in the U.S.

B. Development of a Precise Position Determination System. This part

is a technological development project for the next 5 years. It includes
space tests in order to make a choice between microwave and laser techaniques.
It includes also the development of an improved time synchronization system.
A first step could be to launch the LASSO-STRIO II experiment. The principle
of this experiment proposed by J. Gaignebet and M. Lefebvre is that the sa-
tellite has retroreflectors that permit to determine the distance of stations
and z detector which measures, oil board, the time separating the arrival-of

laser pulses coming from the two stations to be synchronized.

€. Ground Based Segment of the Mission. All kind of geophysical ins-

truments, able to register perturbations in the Farth's crust (gravimeters,
stressmeters, tiltmeters, magnetometers, seismometers, etc...) should be
installed in all areas where disturbances are to be expected. A good test
area would be Greece and Turkey. But all these instruments should be auto-
matic and the information send fo a data reduction center through a space

data retrieval system.

2. Surface studies program (Ocean, ice, gravimetry and vertical motions de-

termination).

The general goal of this program is to provide global informations on ocean




The determination of ocean topography necessitates the determination

of a precise (10 cm accuracy) reference surface which has to be the geoid.
This is, therefore also a major goal of the program which involves, like the

first one, three parallel actions (see fFig.2).

A. Determination of a Precise Geoid. It is not possible to know, at

present, what technique will be the most suitable to achieve g 10 cm preci-
sion for a short wavelenght (200 km or so) description of the geoid. It is
therefore necessary to start technological developments and to test the
methods during the 7 years to come. This may be a low-low satellite to sa~
tellite tracking or gradiometer. These studies should lead to the definition

and the launch at the end of the 1980's of a geoid satellite.

It is also to be noted that for the operation of such a satellite, it
is also necessary to know with high accuracy the motion of the pole and the
rotation of the Earth. Therefore, the first action of the solid Earth pro-
gram, that is the establishment of a polar motion and Earth rotation ser~

vice, is also a part of the surface studies program.

"By Oceanographic and ice satellite, Such a satellite may be launched

before the geoid satellite since there is no major technical difficulty to
overcome. The european participation in the SEA SAT experiments (SURGE) is
a fundamental preparation step and will unable an optimum definition of the |
proposed satellite. The launch around !985 would permit to obtain with a
better precision and resolving power than SEA SAT, many oceancgraphic para~
meters, Bul one woﬁld have to wait the launch of the geoid satellite in

order to determine the absolute ocean topography.

C. Ground based segment of the Mission. The calibration of the satel-

lite implies a good kndwlégde of the real parameters of the sea surface.

This implies important campaigns on occean and jce fields.

Furthermore, the geoid satellite will imply an intensive and very

accurate tvacking system.

he SONC workehop b,




- Monitoring of changes in the magnetic field of the Earth using a

low orbiting satellite carrying a 3 component magnetometer,

~ Study of the global radiative balance of the Earth for climatology

using a spherical homogeneous satellite equipped with a micro-accelerometer.

- Development and testing of navigation systems.
CONCLUSTIONS

It is important fo stress that the programs described above are not
approved projects and it is difficult to say what will really occur. The
important point is the recognition of the field by ESA. Actually, several

preliminary steps have already been taken, among which

~ A general study of a low-low satellite to satellite tracking system.

- The endorsement of SURGE.

- A phase A study of SIRIO II-LASSO experiment for a possible launch
on a test flight of ARIANE.

- A mission definition study of am european space supported VLBI

_system.

Among the other steps that are not yet taken, but are now specifically
requested by euvopean scientists, one may quote an extension with ESA sup~
port of the MEDOC experiment, a technical feasability study of low cost
mobile laser ranging systems and some technological studies for an cceano~

graphic satellite.

So, there are good reasons to hope that in continuation of the actions
in which european laser ctations are now engaged , there will be new and
exciting european programs in geodynamics, oceanography and ice dynamics
requesting a strong support of the european and probably other laser ran-

ging systems.
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SCIENTIFIC GOALS OF LUNAR LASER RANGING

J. Perral Mulholland
University of Texas at Austin, U.S.A.

and

Odile Calame
Centre d'Etudes et de Recherches Géodynamiques
et Astronomiques, Grasse, France

INTRODUCT I10H

The first direct distance measurement to an extraterrestrial target was
accomplished in 1946, when a radar echo was reflected from the Moon; it re-
quired six months of data processing to separate the signal from the noise,
and the result was probably not better than could have been achieved with
classical indirect methods. There was no direct scientific exploitation.
Two decades later, the problem of locating landed spacecraft led to exploita-
tion of radar tracking of points on the lunar surface, but scientific appli-
cations were of sccondary pricrity.

The Mcon was also the target in 1962, when the first laser echos were
obtained from an extraterrestrial body. Scientific exploitation soon became
the main focus of this technique, with an early suggestion that reflectors
be placed on the Moon to provide targets that could be localized with ex-
treme precision. The first reflector was set down by the first man on the
Moor, on 20 July 1969. Four additional arrays have been carried aboatd
Luna 17, Apollo 14, Apollo 15 and Luna 21. Since 1968, the near-daily ob-
sérving program at McDonald Observatory has permitted & number of important
scientific results. Several others remain to be achieved, either because
they require data from multiple stations, or covering a longer time span, or
of a higher accuracy. A comprehensive statement of the scientific goals of
tunar laser ranging (LLR} is to be found in the proceedings of the SALUR
symposium], where many of the applications summarized here are elaborated,

with experimental results as of early 1976
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aspect of the problem, and thus it is where some of the most spectacular im-

provements were made early in the LLR program. Over the past decade, the
absolute accuracy of the numerical lunar ephemeris has been improved by 2-3
orders of magnitude (e.g. wiiiiamsl), although there are some uncertainties
as to whether the means for accomplishing this truly represents improved
understanding of the physics; there is much more to be done.

One of the most vexing problems is more procedural than physical: how
does one assurc that the ephemeris adequately represents the physical situa-
tion? The necessary precision is easier to obtain with numerical integra-
tion, but one must beware of the possible effects of finite difference ap-
proximations to differential equations. The numerical and analytic methods
share the problem of including all significant influences in the accelera-
tion model. The use of LLR has led to the inclusion of several effects
never before used in the construction of a lunar ephemeris, for example the
influence on the orbit of the lunar physical libration. It is far from

certain that all such effects have been identified, and LLR can play a major

role here.?

The 18.6-ycar precession of the lunar ascending nodc a!@ng t%c cclaptic

{combined with other motiens) provides LLR data with a sensitivity to the
Earth's obliquity and dynamical equinox. This gives a direct tie to, and
capability of improving the celestial inertial coordinate system, an advan-
tage not shared by artificial satellite techniques.

It is an observed fact that angular momentum is not conserved in the
lunar orbit, but we still insist that it must be conserved in the Earth- .
Moon system. As the Moon is observed to gain orbital angular momentum, the
Earth is observed to lose it in its rotational motion; the glebal change is
supposed to-be zero. How does one observe this change in the lupar. orbit?.
The relative change of the specific orbital angular momentum is, to first

order

h/h = Sn/n + 2 Sasa (1)

where # 1s the orbital mean motion and @ the mean distance; a change in &

‘as requnred by Kep¥er s Erd iaw Tho secuiar change aﬂ , referred to as

oS




After three centuries, the lunar erbit centinues to provide critical

tests of gravitational theories. There are at least two ways in which rela-
tivity theories can be tested with LLR., A test of the eguivolence principle
has resulted in a confirmation of Einstein at the 7/2% level, by showing
that the Brans-Dicke scalar field is neg!igible.h An unresolved problem is
the existence of a time-variation in the gravitatiornal constant, which would
violate Einstein's theory. As can be seen Trom differentiation of Kepler's
3rd law

$G/G = & n/n + 3 Safa - SM/M (2)

this also involves secular variations In the mean motion and mean distance,
but the functional relation between these two parameters is different than
for tidal friction.

At present, the only reliable way to determine a current velue for
da/di appears to be to use cohservations that parmit simultaneous sclutions
for both dn/dt and da/dt. An attempt has been made, but it appears that a
considerably longer time span of LLR data is required.3 in any ctase, the
tidal and cosmological components of the observed dn/dt and da/dt wi not be
separable without additional independent information, either thGKfQ?maluegf
pression of G(%) or a tidal determination unmixed with the cosmological
compenent; the former wmight come Trom astrophysical data, while the latter
might come from solar system ephemaris studies, This is the most delicate
.possible application of LLR, and the possible existence of orbit mudel ervors

could easily give Invalid results.

LUKAR ROTATION AKD MODELS {OF THE LUNAR [HTERIOR

*

Cassini's Laws for the lunar rotation are modified by both forced and
free librations, due to external phenomena. The forced oscillation is due
to the gravitational couples exerted by Earth, Sun and planeils on the non-
spherical Tigure. This resulis in periodic displacements of surface points
of about 1 km from the Cassini position, so an accurate knowledge is neces-
sary for lecating the reflectors. LLR has alrveady given significent Improve-
ments in the theory of the librations., In addition, the problem can be in-
verted to study the gravity field. New values are already obtained for the
'ﬁﬁﬁﬂfaégtéé]anﬂ'Sqm¢”3rﬁﬂdéf?éé”héfménftéﬂfé,Q;”Wii? ams. ), and one ex?ectﬁuu

fu rither_ ,I,mp.z?o,v,aments .
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The free libration is an unforced oscillation resulting from meteorite

impacts. These may occur at three frequencies, corresponding to the homo-
geneous solutions of the differential eguations; the periods are about 3,

24, and 75 years. The amplitudes, and even the existence, are controversial.
We believe that the 3-year mode has been unambiguously determined from LLR
data (Caiame’), with a tangential amplitude of about 14 m, with less certain
determinations of the other modes. Still, the perieds are so long that
these results are certain to be improved with more data.

The librations are strongly influenced by the structure of the lunar
interior. The moment of Inertia ratios appear explicitly in the equations
of motion, and were among the first parameters to be improved. These can be
used {with other data) to determine the principle moment of inertia, a
function of the density profile. As LLR data accumulated, it became evident
that the density is larger towards the center; the current LLR value is
C/ﬁ?er.SQZ (wiiliamsi}, consistent with a core. If the uncertainty can be
reduced further, this will place important constraints on models of the
interior.

Internal dissipation will influence both the forced and free librations,
which can thus be used 1o study the elastic propearties of the interior. The
dissipation function & will produce a phase lag in the forced Eibrations.s
The higher-degree gravity harmonics will also introduce phase Tag in some of
the same frequencies, which presents a difficult parameter separation problem.
The first LLR attempt to measure dissipation6 directly has given the result

=10. We find this unbelievable, because it is about the same value as the
tidal g for Earth, which is due to the liquid oceans. More work is needed
here.

Dissipation acts on the free librations to attenuate the amplitudes;

essentially & represents the e-folding time in cycles. |If g=1¢, then there {
should be no free librations during most of history; they would be damped
rapidly compared to the meteorite influx. In the absence of large recent
events, Calame's result for the free libration implies a @ of arcund 5000,
which seems consistent with the seismic data. Kovatevsky] noted that this
result might be evidence of a recent major impact. Hartung7 has hypothesized

have found that this is-dy- -

this event, however, does not-




Another elastic effect that may be accessible to LLR is the solid tide

raised by the gravity of Earth, as the Moon moves around its eccentric orbit.
bf it can be observed, constraints can be imposed on the density profile in
the outer layers of the Moon, possibly eliminating some currently-viable
modefs.9

Finally, in the distant future, the LLR reflectors should provide high-

precision benchmarks for selenodetic control systems.

GEOSCIENCES

LLR is capable of studying the several phenomena that affect the space
motion of a point fixed on the Earth's surface. Several sensitivity
studies (e.g. ]0) indicate that a network's nominal coordinates can be
established with an accuracy comparable to the accuracy of the cbservations,
Thus, one could use the LLR stations as an intercontinental system of geo-
detic baselines; one such baseline has been determined. M Host of the
interest, however, arises from the fact that the Earth is not rigid,

We have already mentioned the transfe? of angular momentum from Earth
te Moon, which arises from fraCLlona! losses in the oceans, resulting In 2
deceleration of the Earth's rotation, corresponding to increasing the
Tength of the day by about 2 msec/cy, with a current uncertainty of 5%.12
This is very small, and it secms unlikely that LLR will contribute to its
improvement for many years to come. There is some evidence (Ca?ame}) for
unexplained long-periodic fluctuations in the rotation, but it is not yet
clear if these are in Universal time, nutation, or some other phenomenon.,

Even at short period, the Earth's crust is not Tixed relative to the
rotation pole, nor is the rotation rate constant. A single station will
exparience fluctuations in the apparent Universal Time and the apparent
tatitude, due to processes in the interior of the Earth., HNeither the
origin nor the mechaniism of these processes is understood, and there are
random (i.e. unpredictable} components in the motion. A network of several
LLR stations is capable of measuring the three components of Earth retation
with an sccuracy better than that with which the distance to the Moon is

observed (Sto}z ¢ Larden ) _An observing . cafpuign {LPQLD} has.. ﬁcen organized

to demonqtratt this, but most of the qiattcna are not vet :n fu T opcratzon.
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siations have not yet fired at the Moon. Hopefully, both will during 1978.

discontinuities inherent in orbit rectification. This is important, because

it is widely believed that the thandler motion of the pole is driven by
seismic energy. If this be true, then massive earthquakes will oroduce dis-
continuities in the path of the pole; such correlations appear to exist
(e.q. Smyliel). Orbit rectification may mimic or mask this effect.

Finally, the high geodetic accuracy attainable presents the possibility
of studying the relative motion of the stations. Tectonic drift should be

readily detectable with LLR systems of 3-cm accuracy.

NINE YEARS AFTER APOLLO I

We have summarized in the following table the physical parameters that
can be studied by lunar ranging, noting whether improved values are already
available, or whether this remains for the future. 1t scems appropriate to
end with a few words on the present status. Ghservations have been attempted
from nine sites in five countries, and all nine have reported the acquisi-
tion of echos; four of those stations are now dead, but two additional
About 2500 high-quality observations now exist, with the addiffon‘bfxéhoﬁfl
20-30 now ones per month. In principle, this is adequate for the lunar ob-
jectives, although higher accuracy would be desirable. The geophysical goals
require that several more of the seven present potential stations produce
ohservations regularly and frequently. We urge that every effort be made

in the immediate future to accomplish this.
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TABLE 1: PARAMETERS AND PHENOMENA DETERMINABLE FROM LUNAR LASER RANGING

ATTEMPTED

Observatory Coordinates and Baselines
Raeflector Coordinates and Baselines
Mass of Earth~Moon System
Lunar Orbit Model and Initial Conditions
"Tidal" Acceleratioi, in Orbital Mean

Longitude
Relativistic Equivalence Principle

(Nordvedt Effect)
Time-Varistion of Gravitation X
Dynamical Equinox and Obliquity OF Eeliptic X
Lunar Libration Model

Lunar Moment of Inertia Katios

Lunar Gravity Harmonic Coefficients {x)
Lunar Dissipation Function Q 4
Free Libration Aﬁbl?tﬁﬁeé and Phases X

Long-Period Terms in Larth Rotation
UTG and Variation of Latitude X
Universal Time (UT1) end Polar Coordinates

Continental Drift

IMPROVED

X
X
X
X

FUTURE

Parentheses indicate only a subset of the possible parameters are intended.

28




REFERENCES

Seientific Applications of Lunar Laser Ranging {(J. D. Mulholland, ed.),
Reidel, Dordrecht, 1977.

0. Calame and J. D. Mulholland, in Tidal Friction and the FEarth's
Rotaticn, proceedings of the 1977 Bielefeld symposium, in press.

0. Calame and J. D. Mutholland, Seience 199, 977, 1978.

. 1. Shapiro et al, Phys. Rev. Ltrs. 36, 555, 1976; J. G. Williams

et al, Phys. Fev. Ltrs. 36, 551, 1976.

b. H. Eckhardt and K. Deiter, The Moon 2. 309. 1971.

C. Yoder et al, presented at the 9th Lunar and Planectary Science Conference,
Houston, 1978.

B. Hartung, Meteoritics 11, 187, 1976.

Calame and J. D. Mulholland, Secience 1399, 875, 1978.

R. Lammlein, Phys. Parth & Plon. Int. 14, 224, 1977.

C. Silverberg et al, Bull. Geodesique 50, 331, 1976.

Calame, Compt. Rend. Acad. Sci. Paris 280, 551, 1975.

. Mo Mulier, Special Publication 43-26, Jet Propulsion Laboratory, 1976.

T O m 9T OO -




.session

chairman L. Aardoom /eo-chairmen H. Seeger

Aardoom

Gatgnebet

Gaigrebet

Wilson /Rottarp /Seeger

Wilson

MeGunigal

Heamal o

Pearlman /Lankam /RHohn /Thorp /Imbier /Young
Aardoom /Zeeman

Filgscher /Neubert

Johnson /Veis

Cugusi

Bauersima /Beutler /Gurtner /Klockler /Schurer
Halme /Paunonen /Sharma /Hakkuri /Kalliomebi
Yumi /Kakuta

Aardoom







OPERATING SATELLITE RANGING SYSTENS; INTRODUCTORY REMARLS

L., Ahardoom

Delft University of Technology, Delft (The Wetherlands)

orequiremente putidn a oneave, medivm wnd lohgetorm b

Laser ranging is potentially the most precise of the currently
operational techniques for trackiesg artificic? satellites from the
Barth's surface. This feature iz due basically to the high precision
of modelling ratios of ranges in terms of ratiocs of propagation
times of light through the refracting atmosphere, On the other hand
meteorological conditions can seriocusly hamper the spplication of
laser ranging. Therefore satellite laser ranging in e global context
is a compromise between precision and orbital coverzge, the latter
as limited by wveather conditions, Fevertheless, becauss of the
potential precision, the development of lasecr rapging egulpment and
the deployment of such eguipment has over the years been &n ine
tegral part of planning solid Farth énd“ece&nuﬁhysics studies by

neans of spece techniques, This emphasis cn satellite laser ranging

is in fact the very reason for holding a sequense ¢of workshops on

leser ranging instrumentation,

Initiated tc create an international forum for digcussing mainly
technical items on the_level of construction, operation and de-
velopment it now seeéa appropriate that these discussions, at
least partly, take plece against the backgrounds of scientific re-
niguez. It is therefore fortuvnate that the satellite tracking re-
quirements from a scientific point of view will be gpecilfied in
the firet session (1) of this workshop. The issues of that session
should be guiding eargumente for the work in ihe present session
(E/BA) end in session %B on lunar ronging systens,

broad cutline Rk

1 should then be used to contre) further work ss to meot the gpecified
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gufficiently specific these requirements may be interpreted in

terms of coneluding issues which then may be adopted to guide the
discussions in subéequeﬁt seasions, The other way arcund users of
satellite laser datse should tune in there reguirements to the ree
alistic paien%iala and planned development of laser ranging end

to the intended deployment of eguipment,

fo promote this dislegue between the users of laser rangiﬁg daty
and those responsible for the construction, operaticn and develops
ment of luser ranging eguipment, probably is the main task to be
performed in sesaion 2/5A. Such feed-backing dialogue most likely
tekes place within the larger groups cperating a regional or globsl
| retwork of laser stations. Smaller groups eager to contribute
to regional or glebel werk, in particular those newly
entering the field of lsser ranging and those about to make major
decisions concerning further development, may however need this
dizlogue to base their policy on., This in turn is of importence to
the entire satellite laser ranging community because a global de-
ployment of facilities is needed in a Joint activity {o best meetl

scientific requirensentis,

Such reguirements may be stated in a variety of temrms, varying
from & vague indication to a specific data request. The requirementis

will probably conceri:

¥

precision and other data characteristics;

orbiftal coverage;

H

data formats, in particular as regards informetion providedj

%

deployment of eqguipment, where and when?

In part these will have to be interpreted in terms of design goals

or technical specifications for individual instrumental items, in
terms of operation plans and precedures, The deliberstions in session
2/34 will have to be structured ms to assist in tbis interpretation
where needed,

P by p&lse&~l&aeTWW&ﬂg1mg to artificial sa-

- %héﬁ 1w this practicai limit auppssed 4o be yeaghed?




= what are the least demanding specifications under which o woathere

restricted laser ranging syaten coulc, with ressonable sciesntific
prospects, be developed in the next fev years?

= noting ithe advent of precise alleweather sstellite observing teche
niques, what will bs the desipgn gosls for lasewr ranging syvatems
by 198G and by t9as, say?

= what will the critical system components snd development steps be?

- which soientific programmes foreseen wp $ill 1985 and eventually
thereafter draw on satellite leser ranging?

= which retre-reficcting satellites arve planned for launch vp i1l
1985 and thereaflter?

- ig there 2z future for immobile laser ranging systems?

« what will be the evallability of laser gystems, grouped acoerding
to eriteris of precisicn, mebility ete, by 1980 and 1985%

=~ how will such systems most likely be deployed?

The answvers to guestions like these may be criticel as starting
‘peints for further planning of satellite laser ranging activities
and sclentific programmes to be supported by those,







THE CRES SATELLITE HARGING LASER SYSTEMS

Gaignebet J.
GRGS/CERGA
Obs.du Calern - 06460 3t Vallier de Thiey

INTRODUCTION

Two systems are working. One, since a long time is a modified first
o 2 y)

generation and works in San Fernando, Spain.

The second one "Second Generation" now Tixed at Observatoire du

Calern near of Grasse, Prance, This statiocn is under tests,

PIRST GENERATION MODIPIED

~Mount automatic Alt-~Az mount open loop encoding

Resolution 13" of arc

Accuracy 20" of arc

Speed 40°/s maximum

The mount is computer driven with =2n option ef joystick or
punch taype.

~Laser:The Laser has been modified by use of a dye cell to have a

pulse width of 12ns FWHA | 1J , THz .

—-Receiver optic: 3b6cm Cassegrain telescope gold plated

-Detection: the 56 TVP PHT is used only for day tracking and an
RCA 31034 . 15 used by night connected with a 40 db amplifier

and a 3 K,40%§filter

- =Iracking scope:. .we replaced the edge . piece by a TV Camera/Nocticen = -




Epoch firing time of the Laser is controlled by an early/late

ad justment to correct fer long track errors/Ius to 10s/

~Computer: A WANG 2200 is used to compute in real time the coor-
dinates of satellite/Keplerian mouvement/Alt,Az, range time
and the corresponding speeds and accelerstions are computed
from previocusly entered sets of orbital elements

~Performancesg: 75cm RS

Future plans call for the installation of a pulse digitizer and

recording the data on magnetic tape,

The expected accuracy should be better than 40cm RMS,

SECOND GENERATION

~Mount: Alt-Az avtomatic mount ¢losed loop encoding
Resolution 1,2" of arc
Accuracy 5 x 10" rad
Speed 6°/s maximum

The mount is computer driven with an option of jJjoystick

~lLaser: Ruby Single mode diffraction limited Laser with the follo-
wing periormances:

2 J per ns pulse width

4 J, 2ns to 15 J, 10ns

repetition rate 0.2% Hz

0.75 J per ns pulse widih

1.5, 2ns to 7.5 J, 10ns

repetition rate 0.5 Hz

~Laser optics : Variable afocal system with a focal ratios from
1 —to 10 . Lo

~Receiver optics: 1m Cassegrain telescope Al plated

- Detection: RTC P 1210 PMT for daylight tracking RCA 31034 A

by night. A filter of 3 A is used in connexion.

All the detection is concelved in a modulated way and with




~Computer: Télémecanigue T1600 computer working in & two pass way.

Orbital elements to position and interpolation
A digitizer is used. Thomson System adaptable on a Tekitronix
7903 scope.
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STATION DE TELEMETRIE LASER
Z2éme GENERATION

J. Gaignebet
CERGA, 8 bd Emile Zola
Grasse, France

CRITERES DE CHOIX DES SOUS-ENSEMBLES

Les caractéristiques de : portée
' précision
conditions de tir
ont déterminé les sous-ensembles suivants :
- laser et son optique associde
~ télescope de réception
- tourelle

- ensemble té€lémétrie (intervalomdtre et circuits
associés)

-.horloge de datation
- calculateur

~ optique de reprise
- lunette de visée

le niveau des caractéristiques a &té choisi comme suit :
I. PORTEE

Les projets ou lancements de satellites de différentes classes c'est &
dire : bas, de faible surface coopérative "Starlette"
hauts, mais plus importants. "Lageos®
geostationnaires
nous ont amené a définir une portée opérationnelle égale i 40 M

sur des satellites du type Geos A.

II. PRECISION

Cette précision est définie comme un Ecart type soit la moyenne quadra-

tigque:




Un progrés important par rapport aux stations dites de leére génération

(U = 1,5m) est nécessaire pour rester au niveau des meilleures réalisations

étrangéres.

Une premiZre étape avec une précision de 15cm a €té choisie, la possibi~-
1ité d'une meilleure précision est prévue mais nécessite un développement

ultérieur de la méthode de traitement du signal retour.

Ty T e T

TIT, CONDITIONS DE TIR

Les trois configurations suivantes sont nécessaires pour assurer d'une
part, 'une bonme couverture, d'autre part, une acquisition aisée en début de
campagne.

T1I.1, Tir de nuit sur satellite viable avec une poursuite manuelle

III.2. Tir de nuit en automatique avec une poursuite programmée sur &phémé-

rides.
111.3. Tir de jour en automatique,

“Evaluons maintenant 1'influence de ces-caractéristiques sur les sous-
ensembles.

I. PORTEE
La portée est limit&e par la possibilité de détecter un signal au milieu
des bruits. !

I.1. Bilan de Liaison

Le bilan de liaison permet de calcuier, pour chaque niveau du signai

détecté, la portde de la station. On peut l'exprimer de plusieurs facons
dont la plus simple est 1'adaptation de la formule de portée des radars faite
par Mr. PlotKin, . -
Soit @ wy 1'énergie regue sur la photocathode du détecteur en photons

We 1'8nergie émise par le laser en photons

Be le diam@tre angulaire du cGne d'Emission en radians

sla surface efficace des réflecteurs en mz

”TA_le_coefflclent de tran3m1351on atmospherzque

”'Tb'Ie coafficient de transuission @& 1'ensemble optzque ée recep~'
tion

8¢ la surface &e”celleétzon - telescepe ‘en




la formule de Mr. Plotkin s'éerit

W(* - we 4‘6{5 . 45t“' . 7; 7:4

AoFeg  DreR

avec b@; = 3,2 2018 photons par joule pour 1la longueur d'onde du laser
utilisé (Rubis A = 6943 4°)

Une seconde formule développée par Mr. Fournet utilise un terme d'effi-

cacité du panneau réflecteur tenant compte de plusieurs facteurs :

~ angle d'incidence du faisceau sur les n différents réflecteurs
~ défauts des triddres réflecteurs
~ diffraction des triédres réflecteurs

- aberration de vitesse

Ce facteur d'efficacité tient compte de 1l'attitude du satellite par
rapport & la station et varie donc tout au long du passage. On peut en
€tablir une valeur moyenne pour chaque satellite et pour la portée maximale
envisagée sur ce satellite. A partir de cet indice :E;f (G;) il est pos-

sible de calculer un o¢ g équivalent
S . : , % ey
%5 (nf) = 024 (106 S, F(Gi)
Nos possibilités de validation des &chos nous conduit & définir un ‘Alr

€gal soit & 2 photoé&lectrons » soit 3 4 (voir 2l I3 protection aux bruits).

I.2, Choix des E&lements

Au moment de la conception et des premiers appels d'offre de la sta-
tion, le développement de photocathodes dopées 3 1'arsenure de Callium
(Ag Ga) permet de mettre sur le marché des photomultiplicateurs ayant un
rendement quantique de 13a PS%,'(JA = 6943 A®). Ce progrés considérable
(2-37%7 =3 13-15%) compose pratiquement le choix d'un laser Rubis comme

émetteur,

Pour pouvoir continuer 1'exposé, nous allons pai<ir d'un certain

nombres d'hypothéses. Par la suite nous analyserons le pourquoi de ces choix.

-+ les paramdtres éclairés sont +

5. P}?ﬁiﬁﬁﬁm; O o o é;it:dg../nai—i--&_a~-< e

32 .photons. en. tirs.d RN

.= 3@ 15 joules
Be = 21074 rad.




s~ 3,6 10-3m? (satellite type Diadéme)3-610“2m2 (satellite type Geos A)

T, = 0,7

T, = 0,4

Sy = 7,8 107! m?

Gr = 51073 rad. a 107 rad.

Nous pouvons calculer la portée minimale obtenue

A 18 -3 -1
D= 3x3270  4x36 /10 427810 o4 4(07)

X
32 Tx (2 10792 7 Ty (51079)%
Soit D" ™ 2,676 1030
D O 40 My

Sur satellite type D, en tir de jour

]
Sur satellite Geostationnaire la portée est obtenue avec le facteur
multiplicatif

-2 1/4
K= ( 3,6 1072 x 5%4) 4

3,6 10™3
' Soit une portée voisine de T60 My
En pratique la portde calculée est optimiste. Le rapport entre cette

portde calculée et la portée opérationnelle est en pratique de 3 (valeur

déduite de 1'expérience de la l&re génération).

On en déduit des portées efficaces de jour égales &
p 213 My, sur satellites type DI1.C ou Starlette

D 2 50 My sur satellite Geostationnaire

Ces parties sont obtenues avec MJ; = 3j en fait nous avons prévu 3 a
15} & I'émissions. Il semblerait que ces énergies importantes solent sur-
abondantes. Cette surpuissance permettra, par un traitement de la forme de

1'écho, d'augmenter ultérieurement la précision.

I.2. Bruits

La portée calculée ci~dessus n'est possible que si le signal regu peut

~8tre discriminé du bruit de fond & la réception. .. ...




I.2.1 Bruits internes . Dans notre cas, la source trés nettement pré-—

pondérante de bruits est le phetomultiplicateur (PM).

-

Néanmoins, cette scurce de bruit (]02 a 10% photoBlectrons par seconde)
est en général négligeable devant les bruits externes. I1 n'est pas néces-
saire de refroidir le PM et seule une climatisation (18 & 20°) 1'empBche

de se détiorer si la température externe devient trop &levée (30 i 45°),

I.2.2 Bruits externes. Ces bruits sont dug & la lumidre collectée

par le télescope en dehors de la réflexion de 1"impulsion Laser.

Le tableau suivant fournit un ordre de grandeur des bruits avec les

paramdtres suivants :

Télescope de ¢ = lm

Champ objet du télescope 2.107% rad.

Bande passante SA® centrde sur A = 6943 A°
To = 0.4

Rendement quantique du PM = 0,13

Photoélectrons : . Source de bruit

Bruits en seconde

1.7 102 Ciel nocturne sans lune

5 102 Ciel nocturne 3 20° de la pleine lune

2.5 103 Ciel nocturne i 10° de la pleine lune

1.7 102 Satellite Dt.C &clairé

5 107 Lune &clairé dans le champ

1.7 108 Ciel diurne

2.5 103—10é Fluorescence du laser 5nS aprés 1'émission

103 Etoile polaire dans le champ

11 faut noter que dans le cas d'un photomultiplicateur rapide oli 1'im~
pulsion d'un photoélectron unique présente une largeur & mi-hauteur, égale
& 3nS la fréquence limite ofi 1'on peut considérer le bruit comme une succes-

sion d'impulsions discrétes est : £ O (3 10"9)”1£§£ 310 8 Hz ce qui est

assez voisin des valeurs obtenues de jour ou sur la lune Eclairée.

-




Les moyens 4 notre disposition pour éliminer ces "faux échos" sont

de deux origines :

1.2.2.1 OEtigue

T AT

- réduction du champ objet du récepteur

~ réduction de la bande passante du filtre interférentiel

I.2.2.2 Electronique

~ génération d'une porte encadrant le moment prévu de 1'écho
- déclenchement de niveau

~ déclenchement par un systéme de coincidence

Trajitons sucessivement ces différents moyens

RN
o
Er
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1.2.2.1.a R&duction du champ de récepteur (I}

I1 est difficile d'adapter un champ inférieur a 2.107% rad. Néanmoins
toute amélioration du télescope,du systéme de poursuite, des éphémérides
et qui permettent de réduire le champ , sont directement rentables car le

bruit croit comme le carré de ce champ.
1.2.2.1.b Réduction de la bande passante du filtre’

Un filtre interférentiel étroit (1,5 & 5 A®) est interposé sur le trajet

du faisceau lumineux entre le télescope et le photodétecteur.

Cette valeur a d&ja été choisie en fonction des possibilités de la tech-

nologie au moment de 1'achat des filtres. 11 est difficile de descendre au-

dessous avec des filtres classiques.

Une étude est en cours au CERGA pour essayer de réaliser des filtres
avec une bande passante de 0,6 & 0,2 A°. Ceci permettrait une réduction du
bruit d'un facteur 3 & 10V

1.2.2.2.a Génération d'une porte

Les éphémérides nous fournissent les éléments de position du satellite

par rapport & la station et en particulier la distance,




